ABSTRACT -(An overview of lignin metabolism and its effect on biomass recalcitrance). Lignin, after cellulose, is the second most abundant biopolymer on Earth, accounting for 30% of the organic carbon in the biosphere. It is considered an important evolutionary adaptation of plants during their transition from the aquatic environment to land, since it bestowed the early tracheophytes with physical support to stand upright and enabled long-distance transport of water and solutes by waterproofi ng the vascular tissue. Although essential for plant growth and development, lignin is the major plant cell wall component responsible for biomass recalcitrance to industrial processing. The fact that lignin is a non-linear aromatic polymer built with chemically diverse and poorly reactive linkages and a variety of monomer units precludes the ability of any single enzyme to properly recognize and degrade it. Consequently, the use of lignocellulosic feedstock as a renewable and sustainable resource for the production of biofuels and bio-based materials will depend on the identifi cation and characterization of the factors that determine plant biomass recalcitrance, especially the highly complex phenolic polymer lignin. Here, we summarize the current knowledge regarding lignin metabolism in plants, its effect on biomass recalcitrance and the emergent strategies to modify biomass recalcitrance through metabolic engineering of the lignin pathway. In addition, the potential use of sugarcane as a second-generation biofuel crop and the advances in lignin-related studies in sugarcane are discussed.
INTRODUCTION Lignin evolution, biosynthesis and distribution
Around 450 million years ago, during the Late Ordovician, the fi rst plant species started to occupy a challenging new niche, the terrestrial environment (Ferrer et al. 2008) . As a consequence, pioneering land plants had to cope with several major stresses, including lack of structural support, harmful UV-B radiation, desiccation stress and potential co-evolving pathogens and herbivores (Weng & Chapple 2010) . Among the physiological adaptations that arose during the evolution of early land plants, the emergence of the phenylpropanoid pathway was probably the most crucial evolutionary step. The ability to accumulate simple phenylpropanoids with absorbance maxima in the UV-B range allowed early land plants to resist UV irradiation and, consequently, made survival on land possible (Weng & Chapple 2010) . Phenylpropanoids play a role in all aspects of plant responses towards abiotic and biotic stimuli, from mediating plant resistance towards pests to promoting a successful reproduction (Vogt 2010) . Although the initial move of early plants onto land was facilitated by the acquisition of the phenylpropanoid metabolism, the true dominance of the terrestrial ecosystem by plants was made possible only with the development of cell walls reinforced with the phenylpropanoid polymer lignin, which bestowed the early tracheophytes with physical support to stand upright and enabled long-distance transport of water and solutes by waterproofi ng the vascular tissue , Weng & Chapple 2010 . In addition, the ability of lignin to resist degradation due to its chemically complex structure made this polymer an effective defensive barrier against herbivores and pathogens (Bonawitz & Chapple 2010) . Indeed, since plants do not possess a mechanism to degrade lignin, the deposition of lignin represents a non-recoverable investment of carbon and energy and, therefore, might be tightly regulated to guarantee that carbon skeletons requirement does not outpace availability (Rogers et al. 2005) .
Lignin is a complex racemic heteropolymer produced by the oxidative combinatorial coupling of mainly three p-hydroxycinnamoyl alcohol monomers, the so-called monolignols. The shikimate pathway provides the aromatic amino acid phenylalanine that constitutes the entry point of the monolignol biosynthesis (fi gure 1). phenylalanine ammonia lyase (PAL), aromatic-ring modifi cations through hydroxylation and methylation followed by the transformation of the carboxylic moiety of the propane tail via esterifi cation and reduction ultimately produce the three p-hydroxycinnamoyl alcohols, p-coumaryl, coniferyl and sinapyl alcohols, that differ in their degree of methoxylation (Liu 2012) . When incorporated into the polymer, these monomers are called p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units, respectively, and their individual contribution to lignin composition varies signifi cantly among cell types, taxa and between tissues in the same plant. Phenylpropanoids other than the three canonical monolignols can also be incorporated into the polymer at varying levels, including hydroxycinnamates, hydroxycinnamyl acetates and hydroxycinnamyl aldehydes (Raes et al. 2003 ). This biopolymer is mainly deposited in the secondarily thickened cell walls of tracheary elements and fi bers and, together with hemicellulose, forms a complex matrix in which cellulose microfi brils are embedded (Vega-Sanchez & Ronald 2010, fi gure 2).
The deposition of lignin not only follows a developmental program but can also be triggered by several biotic and abiotic stresses (Moura et al. 2010) .
In general, the lignin of angiosperm dicotyledonous plants is composed of G and S units and traces of H units, whereas the lignin from non-fl owering vascular plants (i.e. lycophytes, ferns and gymnosperms) is mostly composed of G units with minor amounts of H units. Monocotyledonous lignin contains similar levels of both S and G units and the amount of H-units is relatively higher ). Additionally, grass lignin contains signifi cant amounts of the hydroxycinnamates ferulic acid and p-coumaric acid (Vogel 2008) . Nonvascular organisms do not synthesize lignin, although bryophytes can accumulate soluble phenylpropanoids like fl avonoids and lignans (Weng & Chapple 2010) . Despite this proposed evolutionary scenario, notable exceptions were found in recent years including the discovery of lignin in peripheral cells of the red algae Calliarthron cheilosporioides M. (Martone et al. 2009 ), the presence of lignin in non-vascular tissues of the (Espineira et al. 2011 ) and the recruitment of sinapyl alcohol for S lignin biosynthesis in suspension cell cultures from the basal gymnosperm Ginkgo biloba L. (Uzal et al. 2009 ).
Cell wall lignifi cation, as well as the incorporation of each monomer, is regulated in a spatio-temporal fashion and varies between primary and secondary cell walls and among tissues (Grabber et al. 2004) . Lignin content increases with plant maturity. The incorporation of H and G units starts at the onset of lignifi cation, while only a few S units are detected during early stages of lignin deposition. Subsequently, coniferyl alcohol and increasing amounts of sinapyl alcohol are incorporated to form a mix of G and S units during secondary wall formation (Grabber 2005) . In grass cell walls, hydroxycinnamates are also incorporated during secondary cell wall development and lignifi cation. While ferulic acid is the major hydroxycinnamic derivative in young grass cell walls, p-coumaric acid is an indicator of cell wall maturity, since it is mainly esterifi ed to side chains of S units and its incorporation follows the same deposition pattern of syringyl units (Riboulet et al. 2009 ). Differential distribution of lignin monomers is also observed in case of specifi c cell types. In most dicotyledonous plants, thickening of secondary walls occurs mainly in water-conducing cells of the xylem, which tend to contain higher levels of G units, and in structural fi bers, which are typically enriched in S units (Bonawitz & Chapple 2010 , fi gure 2). In grasses, parenchyma and other tissues such as epidermis and hypodermis present limited but signifi cant lignifi cation and xylary tissues and sclerenchyma accumulate high amounts of lignin and are highly enriched in S lignins (Grabber et al. 2004 ). The ratio of S/G subunits in lignin also predicts the degree and nature of polymeric cross-linking. G-rich tissues have a more highly crosslinked lignin featuring a greater proportion of biphenyl and other carbon-carbon bonds, whereas S-rich lignin is less condensed, linked through more labile ether bonds at the 4-hydroxyl position (Ferrer et al. 2008) . Additional methoxy groups on a lignin monomer results in less possible combinations during polymerization due to reduced available reactive sites. Consequently, S-rich lignin is more easily depolymerized than lignin rich in G units (Ziebell et al. 2010) .
Monolignol transport and polymerization
Monolignols are synthesized in the cytoplasm and transported to the cell wall, where they are oxidized prior to their incorporation into the polymer (Vanholme et al. 2008) . In contrast to the extensive knowledge of monolignol biosynthesis, little is known about the precise molecular mechanism of monolignol transport towards the cell wall. At least three systems were proposed: i) exocytosis through ER-Golgi network; ii) passive diffusion through plasma membrane; and iii) active transport via specifi c membrane-localized transporters (Liu 2012) . Nevertheless, recent biochemical and genetic data strongly support the third hypothesis. By using isolated plasma and vacuolar membrane vesicles from Arabidopsis thaliana and different transporter inhibitors, Miao & Liu (2010) revealed several lines of evidence of the involvement of ABC-like transporters in monolignols transport across the plasmalemma and their sequestration into the vacuoles: 1) both processes were largely dependent on the presence ATP, which suggest that they are active processes; 2) uptake activity of both vacuolar and plasma membrane vesicles was strongly reduced by specifi c ABC transporter inhibitors in the presence of ATP; 3) the uptake process displays a typical protein-ligand binding kinetics, excluding the possibility of a passive diffusion process; and 4) vacuolar transporters presented high selectivity for monolignol glucoconjugates, whereas plasma membrane transporters preferentially transport monolignol aglycones (Miao & Liu 2010 , Liu 2012 . In another study, a role for an ATP-binding cassette transporter in p-coumaryl alcohol transport in Arabidopsis thaliana was demonstrated (Alejandro et al. 2012) . Yeast cells expressing AtABCG29 exhibited increased tolerance to p-coumaryl alcohol while Arabidopsis loss-of-function mutants contained less lignin subunits and were more sensitive to pcoumaryl alcohol. This was the fi rst identifi cation of a monolignol transporter, although the characterization of specifi c transporters for coniferyl and sinapyl alcohol awaits further investigation.
After exported to the cell wall, monolignols are oxidized by peroxidases and/or laccases and further undergo polymerization through combinatorial radicalradical coupling ). Both types of enzymes are present as large multigene families with redundant members, which make the study of lignin polymerization process diffi cult since generation of transgenic plants often results in no visible phenotype. In addition, their broad in vitro substrate specifi city cannot offer precise information about their real substrates in planta (McCaig et al. 2005 , Cosio & Dunand 2009 ). Nevertheless, the involvement of peroxidases in lignin polymerization has been clearly demonstrated by a small number of studies reporting the generation of transgenic plants in which lignifi cation was affected by the up-or down-regulation of a particular peroxidase gene (Marjamaa et al. 2009 , Fagerstedt et al. 2010 . By contrast, only recently the role of laccases in lignifi cation of stems was unambiguously demonstrated by reverse genetics. Berthet et al. (2011) demonstrated that disruption of AtLAC4 and AtLAC17 resulted in tissue-specifi c alterations to lignifi cation in Arabidopsis thaliana stems. Still, genetic evidence for the functions of individual peroxidase or laccase genes in plants is mostly lacking, especially for monocotyledonous plants.
Following the oxidation, the resulting electrondelocalized monolignol radical presents unpaired electron density at the positions 1-, 3-, O-4-, 5-and 8-and, as the radical coupling is favored at the 8-position, coupling with another monolignol radical results in a mixture of dehydrodimers 8-5-, 8-8-and 8-O-4-linkages . After dimerization, the polymerization process will continue by the coupling of O-4-position of the dimer's phenolic end to the 8-position of the incoming monolignol radical . Lignin is further produced by the addition of monolignols to the growing polymer and not by the concatenation of preformed oligolignols (Morreel et al. 2004) . Because lignifi cation is a strictly chemical process, any phenol localized in the lignifi cation site of the cell wall can be used in the combinatorial radical coupling process, infl uenced by simple physical parameters such as temperature, pH, monolignol supply, concentration of hydrogen peroxide and oxidative enzymes and interactions with polysaccharides present in the matrix (Vanholme et al. 2008) . Recently, a new hypothesis suggesting a strong biological control over the phenoxy radical coupling by the so-called dirigent proteins was proposed (Davin & Lewis 2005 ). However, current knowledge based on genetic data fall clearly in line with the chemical combinatory model (Bonawitz & Chapple 2010) .
Lignin and the recalcitrance of plant biomass
Currently, the major bioenergy products are bioethanol, biodiesel and biogas. The bioethanol is produced through the fermentation of soluble sugars or starch, predominantly from sugarcane and maize kernel, and is often referred to as fi rst-generation bioethanol (Yuan et al. 2008 ). An emerging effort has been expended to increase the use of plant lignocellulosic biomass for the production of bioethanol, the so-called second generation bioethanol (Carroll & Somerville 2009 ). Lignocellulosic biomass is composed of the polymers cellulose, hemicelluloses and lignin and is a renewable resource for the production of biofuels and bio-based materials (Vanholme et al. 2010c ). However, lignocellulose presents a highly complex nature due to its molecular structure and heterogeneity, in which cellulose microfi brils are embedded in a matrix of hemicellulosic polysaccharides covalently cross-linked with the heterogenic and complex lignin (Vega-Sanchez & Ronald 2010). The recalcitrant nature of this mixture, mainly caused by the ability of lignin to resist enzymatic degradation, is one of the major obstacles to convert plant cell wall polysaccharides into fermentable sugars for biofuels production (Vanholme et al. 2010c ). The fact that lignin is a non-linear polymer built with chemically diverse and poorly reactive linkages and a variety of monomer units, makes this phenolic polymer the major plant cell wall component responsible for biomass recalcitrance . Consequently, the conversion of biomass to biofuel requires costly and harsh pre-treatments to degrade lignin and further allow the access to polysaccharides for saccharifi cation (Simmons et al. 2010) .
Metabolic engineering of lignin to modify biomass recalcitrance
An emergent strategy in the biofuel fi eld is the genetic engineering of plants that either accumulate less lignin or produce lignins that are more amenable to chemical degradation, in an attempt to facilitate the processing of plant biomass (Carroll & Somerville 2009) . A common approach is to use genetic engineering to modify the expression of the enzymes responsible for lignin biosynthesis (Simmons et al. 2010 ). The independent downregulation of genes encoding seven enzymes of the monolignol pathway in alfalfa resulted in a reduction of the total fl ux into lignin, with more drastic effects found in the case of earlier enzymes in the pathway (Chen et al. 2006 ). In addition, striking differences in the lignin composition was observed dependent upon the targeted gene. While the downregulation of C3H or HCT signifi cantly increased the proportion of H units, the reduction in F5H or COMT expression resulted in lower levels of S units, consistent with the position of these enzymes in the pathway. A subsequent study in which the same transgenic lines were analyzed showed that biomass recalcitrance to both acid pretreatment and enzymatic digestion is directly proportional to lignin content (Chen & Dixon 2007) . Noteworthy, the saccharifi cation effi ciency of untreated biomass of the HCT and C3H lines, which had the lowest lignin content at < 50% of the wild type, was greater than that of pretreated wild type biomass. However, reducing lignin content to improve polysaccharide accessibility is not the only strategy, since the modifi cation of its monomeric composition can also modify lignocellulose recalcitrance (Simmons et al. 2010) . Down-regulation of CAD in lignifying tissues in alfalfa did not result in any reduction of lignin content but showed an improvement in digestibility and pulping process (Baucher et al. 1999) . Poplar plants overexpressing F5H showed high levels of S-lignin and therefore digest and pulp more easily (Huntley et al. 2003) .
Since drastic reductions in lignin levels have negative effects on plant growth and development but even large shifts in lignin composition are still tolerable, the incorporation of atypical phenolic monomers into lignin through genetic engineering to produce a more easily degradable lignin is a new trend in the fi eld (Vanholme et al. 2012) . A remarkable example of such strategy comes from the concomitant down-regulation of COMT and up-regulation of F5H in Arabidopsis . Both enzymes are required to redirect the fl ux from coniferyl alcohol precursors towards sinapyl alcohol; the hydroxylation of coniferaldehyde by F5H produces 5-hydroxyconiferaldehyde that in turn is methylated by COMT . Since the hydroxylation step performed by F5H is essentially irreversible and 5-hydroxyconiferaldehyde cannot be converted to sinapaldehyde due to COMT down-regulation, CAD catalyzes the convertion of 5-hydroxyconiferaldehyde to 5-hydroxyconiferalcohol. This novel monomer behaves identically as a canonical monolignol, being exported to the cell wall and cross-coupling with normal lignin units to produce a polymer composed almost entirely from units that are undetectable in wild type plants . Therefore, the incorporation of "monolignol-substitutes" that can introduce readily cleavable linkages into the complex structure of lignin polymer seems feasible and can be a convenient option to achieve a more effective deconstruction of the plant cell wall (Simmons et al. 2010 , Vanholme et al. 2012 ).
Sugarcane as bioenergy crop
Sugarcane ethanol program in Brazil is the most successful example of effi cient use of renewable energy (Goldemberg 2007) . Brazil is the world's largest sugarcane producer and the leading country in ethanol production. In the 2009/2010 crop season approximately 612 million tons of sugarcane were produced, from which 25 billion liters of ethanol were generated (Cheavegatti-Gianotto et al. 2011) . Sugarcane is a prominent bioenergy crop due to the ability to accumulate up to 50-60% of dry weight of stem as sucrose in the mature tissues, a unique feature within Poaceae (Casu et al. 2004) . Although the production of sugar-based ethanol represents the most convenient option for sustainable energy in the case of sugarcane, lignocellulosic biomass can also be used, especially because sugarcane is among the most effi cient biomass producers known (Vermerris 2011) . Sugarcane bagasse, the residue produced after sucrose extraction, is a plentiful lignocellulosic feedstock, composed by 39% cellulose, 25% hemicelluloses and 23% lignin, among other minor components (Carroll & Somerville 2009 , Rabelo et al. 2011 . At present, the recovered bagasse is used for generation of heat and power for sugar processing into ethanol and also in electricity production that is sold into the grid (Carroll & Somerville 2009 ). Therefore, the sugarcane industry could benefi t from the production of second generation ethanol since the bagasse is promptly available after sucrose extraction and cellulosic ethanol could be co-produced and share part of the infrastructure used for the production of fi rst generation ethanol (Dias et al. 2009 , Rabelo et al. 2011 . Most of our current knowledge of lignin metabolism is derived from studies in dicotyledonous herbaceous plants like Arabidopsis and alfalfa, but the mechanisms underlying lignin biosynthesis, polymerization and regulation are not necessarily conserved among all vascular plants ). In addition, bioenergy crops may ultimately include dicotyledonous woody plants, such as eucalyptus and hybrid poplar, and monocotyledonous grasses, such as sugarcane and switchgrass . For instance, genetic information on lignin biosynthesis in sugarcane is scarce and limited to few studies reporting general expression profi ling in which some phenylpropanoid genes were differentially expressed during sugarcane stem development or in relation to sucrose accumulation (Casu et al. 2007 , Papini-Terzi et al. 2009 ). Only recently, the fi rst attempts to perform functional characterization of lignin-related genes in sugarcane were reported. The down-regulation of a sugarcane COMT gene reduced lignin content by up to 14%, resulting in an increase of 29% in saccharifi cation yield (Jung et al. 2012 ). In addition, evidence for the involvement of specifi c peroxidase isoforms in the lignifi cation process were obtained by analyzing the activity, proteomic profi le and expression pattern of class III peroxidases in sugarcane stems (Cesarino et al. 2012b ) and suspension cell cultures (Cesarino et al. 2012a) . However, despite these recent advances, there is still much to be explored and determined in terms of gene expression and pathway regulation of lignin biosynthesis in sugarcane. In addition, genetic transformation of sugarcane has continued to be a major bottleneck, hampering the use of reverse genetics to study gene function (Arruda 2012) . Thus, a deeper understanding of biomass recalcitrance, and therefore of lignin biosynthesis and regulation, is required in order to develop sugarcane varieties that are more amenable to biomass processing and, consequently, to fully benefi t from the potential of cellulosic biofuels.
